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Cardiac structureKindlin-2, as an integrin-interacting protein, was known to be required for the maintenance of car-
diac structure and function in zebraﬁsh. However, the mechanism remains unclear. We found that
Kindlin-2 interacts and colocalizes with a-actinin-2 at the Z-disc of mouse cardiac muscles and
there Kindlin-2 also interacts with b1 integrin. Knockdown of Kindlin-2 inﬂuences the association
of b1 integrin with a-actinin-2 and disrupts the structure of the Z-disc and leads to cardiac dysfunc-
tion. Our data indicated that Kindlin-2 is a novel a-actinin-2-interacting protein and plays an impor-
tant role in the regulation of cardiac structure and function.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The Z-disc of cardiac sarcomere is a critical region that repre-
sents the interface between the contractile apparatus and the
cytoskeleton [1]. One of the important structural components of
the Z-disc is a-actinin-2. Alpha-actinins are highly conserved
actin-binding proteins, belonging to the spectrin superfamily. In
mammals, there are four a-actinin genes encoding proteins that
can be grouped into two distinct classes. While a-actinin-1 and
a-actinin-4 encode non-muscle isoforms that are commonly asso-
ciated with focal adhesions and stress ﬁbers, a-actinin-2 and
a-actinin-3 encode muscle isoforms that are located in the sarcom-
eric Z-disc [2]. In cardiac muscle, a-actinin-2 is the major isoform
and plays key roles both in thin ﬁlament organization and the
interaction between sarcomere cytoskeleton and muscle mem-
brane [3–5]. Alpha-actinin-2 includes three functionally domains:the NH2-terminal region that mediates the interaction with the
actin rod, a central region that is composed of four spectrin-like
repeats, and the COOH-terminal that contains a EF-hand [2]. A sub-
set of proteins have been reported to localize at Z-disc and
interactwitha-actinin-2, such as Cypher/ZASP [6,7], Nspl1 [8] and
integrin b1 [9,10]. In humans, mutations in these genes cause
dilated cardiomyopathy (DCM), however, the exact function of
these Z-disc constituents is largely unknown.
Kindlin-2, as an integrin-interacting protein, mediates cell–cell
and cell–matrix adhesion. Kindlin family contains three members,
Kindlin-1, Kindlin-2 and Kindlin-3. Compared to a restricted
expression in epithelial cells for Kindlin-1 and in hematopoietic
cells, endothelial cells and epithelial cells for Kindlin-3, Kindlin-2
is ubiquitously expressed [11]. In Caenorhabditis elegans,
UNC-112, which is Kindlin-2 homolog, is concentrated at the mem-
brane of muscle attachment plaques and dense bodies in verte-
brate striated muscle [12]. Loss of UNC-112 results in an
embryonic lethal phenotype caused by defects in muscle attach-
ments. Wu et al. showed that Mig-2 (Kindlin-2) interacts with mig-
ﬁlin, which is a novel Lin-11, Isl-1 and Mec-3 (LIM)
domain-containing protein and binds to F-actin via ﬁlamin [11].
Loss of Mig-2 impairs cell shape modulation [13]. Dowling et al.
found that Kindlin-2 knockdown leads to abnormalities in cardiac
structure and function of zebraﬁsh. Complete loss of murine
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days [14]. These reports revealed that Kindlin-2 is involved in
the formation of the Z-disc during muscle development [14].
However, the role that Kindlin-2 might play in maintaining the
integrity of the Z-disc in postnatal mice remains unclear. In this
study, we found that Kindlin-2 is a new interacting protein of
a-actinin-2, and colocalizes with a-actinin-2 at the Z-disc.
Knockdown of Kindlin-2 in mice disrupted the structure of the
Z-disc and caused cardiac dysfunction.
2. Materials and methods
2.1. Cell culture and plasmid transfection
Primary rat neonatal cardiomyocytes were isolated from the
hearts of 1–3 day old Sprague–Dawley rats. Ventricles were cut
into pieces and undergone a series of digestion with collagenase
type II and trypsin at 100 unit/mL and 1 mg/mL, respectively.
Cells were resuspended in Dulbecco Modiﬁed Eagle Medium
(DMEM) containing 10% fetal bovine serum and planted in culture
dish at 37 C for 120 min to allow ﬁbroblast adhesion. After that,
non-adhesion cells were collected and then replanted with
DMEM medium supplemented with 15% fetal bovine serum and
0.1 mM Brdu. HEK293T were grown in DMEM medium supple-
mented with 10% FBS (Invitrogen). For transient transfection, 50–
80% conﬂuent cells were transfected with indicated plasmids using
Lipofectamine 2000 according to manufacturer’s instructions
(Invitrogen). The plasmids of Flag-Kindlin-2 full length and differ-
ent fragments of Flag-Kindlin-2 were previously reported [15].
PCMV-myc-a-actinin-2 was purchased from Sino Biological Inc
(Accession No. HG10972-M). GFP-integrin b1 was kindly provided
by Dr. Errki Ruoslahti (Burnham Institute, LaJolla, CA).
2.2. Adenovirus infection
Primary rat neonatal cardiomyocytes were seeded in 6 well
dishes or on glass slides. 50% conﬂuence cells were infected at mul-
tiplicity of infection (MOI) of 100 with Enhance Infection Solution
(Gene Chem Co, Shanghai, China). After infection for 72 h, cells
were used for experiments. Recombinant adenovirus for
Kindlin-2 shRNA was constructed and ampliﬁed by Gene Chem
Co. (Shanghai, China). Sequences of Kindlin-2 shRNA oligonu-
cleotides were as follows: AAGUUGGUGGAAAAACU CGAU.
2.3. Western blot
Cell or tissue lysates were prepared using PBS–TDS lysis buffer
containing proteinase inhibitor (Boehringer Mannheim, Germany).
Sample were heated at 95 C for 5 min and then separated by SDS–
PAGE. Membrane was probed separately with different antibodies
overnight at 4 C. After extensive washing in TBS buffer, membrane
was incubated with horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. Immobilized antibodies
were then detected by enhanced chemiluminescence (Amersham
Biosciences, Sunnyvale, CA). The antibodies used were
anti-Kindlin-2 [15] (Millipore MAB2617, clone 3A3), anti-integrin
b1 (Epitomics), anti-a-actinin-2 (Epitomics), anti-GAPDH (Santa
Cruz Biotechnology), anti-Flag (Sigma) and anti-GST (Sigma).
2.4. Puriﬁcation of fusion protein and GST pulldown assay
GST, GST-a-actinin-2 or His-MBP-Kindlin-2 were expressed in
Escherichia coli BL21 (Tiangen Biotechnology, Beijing, China) and
bound to Glutathione Sepharose 4B beads (Pharmacia Medtech,
Piscataway, NJ). GST pull-down assay were performed as described
previously [15]. Brieﬂy, GST or GST-fusion protein was incubatedwith Glutathione Sepharose 4B beads by rocking at 4 C for 2 h,
and then the beads were washed three times with 100 ll of TEN
buffer (20 mM Tris–HCl, pH 7.4, 0.1 mM EDTA, and 100 mM
NaCl) followed by incubating with pre-cleared lysates overnight
at 4 C. And the beads were eluted with 2  SDS loading buffer
after centrifugation, and then boiled at 100 C for 5 min. After cen-
trifuging, the supernatant was extracted and subjected to Western
blot assay.
2.5. Co-immunoprecipitation (Co-IP)
Co-immunoprecipitation was performed according to a previ-
ously described method [15]. Brieﬂy, mouse cardiac muscle or pri-
mary rat neonatal cardiomyocytes lysates were incubated with
anti-Kindlin-2 [15] (Millipore MAB2617, clone 3A3), and
anti-a-actinin-2 (Epitomics) antibodies at 4 C overnight followed
by incubating with protein A/G agarose beads (Santa Cruz
Biotechnology). After the beads were washed three times with
NP40 buffer, the bound proteins were eluted with 2  SDS loading
buffer and then boiled at 100 C for 5 min. Precipitated proteins
were resolved by 10% SDS–PAGE and subjected to Western blotting
analysis with different antibodies.
Mouse or rabbit normal IgG was used as a negative control.
2.6. Histology
Hearts were ﬁxed with 4% paraformaldehyde overnight at 4 C
and embedded in Optimal Cutting Temperature compound
(O.C.T). Serial sections (6 lm) were stained in Hematoxylin and
Eosin (H&E) and Iron Hematoxylin for morphometric analysis.
After extensive washing in PBS buffer, sections were incubated
with secondary antibodies (Dako, Carpinteria, CA) for 30 min.
Control experiments included omission of the primary antibodies
and substitution of the primary antibodies with non-immune goat
and rabbit or mouse IgG. And the immunostaining was examined
by an Olympus BX51 microscope (Olympus, Tokyo, Japan).
2.7. Immunoﬂuorescent staining and confocal microscopy
After primary rat neonatal cardiomyocytes were ﬁxed with 4%
paraformaldehyde solution at RT for 15 min, they were treated
with 0.5% Triton X-100 at 37 C for 5 min and blocked with 5%
BSA at room temperature for 1 h. The cells were then incubated
with 1:25 dilution of anti-Kindlin-2 (Millipore MAB2617, clone
3A3), sections were incubated with 1:25 dilution of
anti-Kindlin-2 (Santa Cruz Biotechnology) or dilution of
anti-a-actinin-2 overnight at 4 C and then with a 1:100 dilution
of Alexa Fluor 488 or 568-conjugated IgG (Invitrogen) for 1 h at
room temperature. The images were captured with a TCS SP5 con-
focal microscope (Leica, Germany).
2.8. Echocardiographic analysis
Echocardiography images were obtained by using of a Veov
770TM Imaging System (Visual Sonics Ini, Toronto, ON, Canada)
[16]. Brieﬂy, mice were anesthetized with 1.5–2.0% isoﬂurane
(Baxter Healthcare Corp, New Providence, RI, USA) and maintained
in a heating pad to keep the body temperature within a narrow
range (37.0 ± 0.5 C). Caution was taken not to apply excessive
pressure over the chest as this will distort the signal. 2D paraster-
nal short-axis imaging at the level of the papillary muscle was used
as a guide to obtain a left-ventricular M-mode tracing. Left ventric-
ular posterior wall (diastole, LVPWd), left ventricular internal
diameter (diastole, LVIDd), left ventricular internal diameter (sys-
tole, LVIDs), left ventricular shorting fraction (%FS) and left ventric-
ular ejection fraction (%EF) were calculated. All measurements
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analyzed off-line at the end of the study with software resident on
the ultrasound system. All parameters were expressed as
mean ± S.D. Statistical analysis was performed using t test. A prob-
ability (P) of less than 0.05 was considered to be statistically
signiﬁcant.
2.9. Electronic microscopy
Mice hearts were perfused with 4% formaldehyde and 2% glu-
taraldehyde in 0.1 mol/l phosphate buffer at 3 mL/min. Pieces of
ventricle myocardium were placed in freshly prepared 3% glu-
taraldehyde overnight at 4 C. After rinsing with 0.1 mol/l phos-
phate buffer three times, the tissue block was post-ﬁxed in 1%
osmium tetroxide in 0.1 mol/l phosphate buffer for 2 h at 4 C.
Samples were dehydrated and then embedded. Ultra-thin sections
of myocardial tissue were stained with uranium acetate and lead
citrate and examined by transmission electron microscopy.
2.10. Animal model
All experiments were approved by Beijing University Ethics
Committee for Animal Experiments. Male ICR mice weighted at
20–25 g were obtained from and housed at Peking University
Animal Facility. The mice were divided into two groups and were
injected with control siRNA or Kindlin-2 siRNA, respectively.
Injecting Kindlin-2 siRNA or control siRNA into mice was per-
formed as described previously. Brieﬂy, synthetic Kindlin-2 or con-
trol siRNA (5 nmol) was rapidly injected (within 10 s) into tail
veins of mice (twice a week). Mice were euthanized after 4 weeks
of Kindlin-2 or control siRNA treated. Control siRNA or Kindlin-2
siRNA was designed and synthesized by RiboBio CO. (Guangzhou,
China). Sequences of RNA interference (RNAi) oligonucleotides
were as follows: Control siRNA, UUCUCCGAACGUGUCACGU,
Kindlin-2 siRNA, AAGUUGGUGGAAAAACU CGAU.3. Results
3.1. Kindlin-2 colocalizes with a-actinin-2 at the Z-disc
Kindlin-2 has been known to localize at intercalated discs [17].
To further scrutinize the localization of Kindlin-2 in cardiomy-
ocytes, we performed immunoﬂuorescent assays using antibodies
of Kindlin-2 and a-actinin-2 in adult mouse heart sections and pri-
mary rat neonatal cardiomyocytes. Interestingly, we found that
Kindlin-2 and a-actinin-2 almost overlapped at the Z-disc of
mouse cardiac muscles (Fig. 1A) and primary neonatal rat car-
diomyocytes (Fig. 1B). Different from Kindlin-2, no staining of
Kindlin-1 was observed in heart (Supplemental Fig. 1). These
results showed that Kindlin-2, but not Kindlin-1, may play a role
at the Z-disc.
3.2. Kindlin-2 directly interacts with a-actinin-2 in vivo and in vitro
To identify Kindlin-2-associated proteins at the Z-disc, lysates
of primary rat neonatal cardiomyocytes were extracted and then
subjected to co-immunoprecipitation (Co-IP) and mass spectro-
metric analysis. Results indicated that a-actinin-2 is one of the
proteins co-immunoprecipited by Kindlin-2 (Fig. 2A). To conﬁrm
the physical association of Kindlin-2 with a-actinin-2, both
Flag-Kindlin-2 and myc-a-actinin-2 were transfected into
HEK-293T cells. After total proteins were extracted, Co-IP assays
were performed. Results indicated that myc-a-actinin-2 can be
co-immunoprecipitated by Flag-Kindlin-2 (Fig. 2B and C).
Further, endogenous interaction between Kindlin-2 anda-actinin-2 was conﬁrmed in primary neonatal rat cardiomy-
ocytes (Fig. 2D and E).
To map the binding regions of a-actinin-2 with Kindlin-2,
a-actinin-2 was divided into ﬁve fragments and fused with glu-
tathione S-transferase (GST) (Fig. 3A). In GST pull-down assay, both
the N-terminal and the C-terminal regions can bind to Kindlin-2
(Fig. 3C). To map the binding regions of Kindlin-2 with a-actinin-2,
Kindlin-2 was divided into three fragments (Fig. 3B) and Co-IP
assays were performed. As shown in Fig. 3D, the central region con-
taining the FERM domain was found to be responsible for Kindlin-2
binding to a-actinin-2. Next, different fragments of Kindlin-2 were
incubated with different regions of GST-a-actinin-2 in GST
pull-down assays. Data showed that the central region of
Kindlin-2 could bind to both N- and C-terminal regions of
a-actinin-2 (Fig. 3E). Furthermore, both GST-a-actinin-2 and
His-MBP-Kindlin-2were expressed in vitro andpuriﬁed, andadirect
interaction between Kindlin-2 and a-actinin-2 was identiﬁed
(Fig. 3F). These results indicated that Kindlin-2 has a physical inter-
action with a-actinin-2 both in vivo and in vitro.
3.3. Kindlin-2 knockdown inﬂuences the association of b1 integrin
with a-actinin-2
Since Kindlin-2 interacts with the cytoplasmic tail of b1 integrin
at the focal adhesion, and a-actinin-2 is a member of the integrin
complex at the Z-disc, it is worthy to investigate whether
Kindlin-2 is involved in the integrin complex at the Z-disc.
Results of Co-IP assays conﬁrmed that Kindlin-2 could interacts
with b1 integrin and a-actinin-2 (Fig. 4A and B), suggesting that
Kindlin-2 is involved in formation of integrin complex at the
Z-disc. To reveal how Kindlin-2 functions at the Z-disc, we exam-
ined the changes of interaction between b1 integrin and
a-actinin-2 in Kindlin-2 shRNA adenovirus-infected primary rat
neonatal cardiomyocytes (Fig. 4C) and Kindlin-2 knockdown car-
diac muscles (Fig. 4E). We found that knockdown of Kindlin-2
can lead to the dissociation of b1 integrin and a-actinin-2
(Fig. 4D and F). These results suggested that Kindlin-2 is required
for maintaining the integrin–a-actinin-2 complex at the Z-disc
(Fig. 4G).
3.4. Kindlin-2 knockdown disrupts the structure of the Z-disc
Given that Kindlin-2 interacts with a-actinin-2 and b1 integrin
at the Z-disc, it would be interesting to see whether depletion of
Kindlin-2 inﬂuences the Z-disc structure. To this end, we infected
Kindlin-2 shRNA adenovirus to knock down the expression of
Kindlin-2 (Fig. 5A). Then we stained Kindlin-2, b1 integrin and
a-actinin-2 in both control shRNA and Kindlin-2 shRNA
adenovirus-infected primary rat neonatal cardiomyocytes by
immunoﬂuorescent. Results showed that knockdown of Kindlin-2
not only decreased the level of b1 integrin and a-actinin-2 at the
Z-disc, but also disrupted the structure of the Z-disc (Fig. 5B). We
also observed that Kindlin-2 knockdown led to disappearance of
the Z-disc and disruption of sarcomere structure by H&E staining
(Fig. 5C) and iron hematoxylin staining (Fig. 5D) in cardiac muscles.
To examine the ultrastructure change of cardiac sarcomere, elec-
tron microscopic analysis was performed in mouse cardiac mus-
cles. The structure of intercalated disc was disrupted in cardiac
muscles of Kindlin-2 siRNA-treated mice, comparing with the con-
trol siRNA-treated mice (Fig. 5E-a and b). Consistent with the
observation in Fig. 5C and D, the Z-disc was fragmented and disor-
ganized in cardiac muscles of Kindlin-2 siRNA-treated mice
(Fig. 5E-d and f). Due to the Z-disc disruption, thin myoﬁbrils failed
to bind to the Z-disc (Fig. 5E-f). These results indicated that
Kindlin-2 plays an important role in maintaining the structural
integrity of the Z-disc and sarcomere.
Fig. 1. Kindlin-2 colocalizes with a-actinin-2 at the Z-disc. (A) Immunoﬂuorescence (IF) staining for Kindlin-2 (goat polyclonal antibody; Alexa Flour 568 conjugatedanti-goat
IgG, red), a-actinin-2 (rabbit monoclonal antibody; Alexa Flour 488 conjugated anti-rabbit IgG, green) was performed in cardiac muscle. (B) The localization of Kindlin-2 and
a-actinin-2 in the primary neonate rat. Cardiomyocytes of IF staining was performed using an anti-Kindlin-2 (mouse monoclonal antibody; Alexa Flour 568 conjugated anti-
mouse IgG, red), and anti-a-actinin-2 (rabbit monoclonal antibody; Alexa Flour 488 conjugated anti-rabbit IgG, green). Images were captured with a confocal microscope.
Bars: 20 lm. Arrows show the Z-disc.
Fig. 2. Kindlin-2 interacts with a-actinin-2. (A) Total cell lysates from primary neonate rat cardiomyocytes were extracted for afﬁnity puriﬁcation and mass spectrometric
analysis. (B and C) Both Flag-Kindlin-2 and Myc-a-actinin-2 were transfected into HEK293T cells. After 48 h, total protein was extracted for Co-IP, followed by Western blot
analysis using indicated antibodies. (D and E) Total cell lysates from primary neonate rat cardiomyocytes were extracted, and then anti-Kindlin-2 antibody (D) or anti-a-
actinin-2 antibody (E) were used for Co-IP assay, followed by Western blot analysis.
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Given that Kindlin-2 knockdown disrupts the structure of the
Z-disc, it is possible that Kindlin-2 knockdown may affect cardiac
function. To this end, echocardiography analysis was performedin control siRNA and Kindlin-2 siRNA treated mice. As showed in
Table 1, after 4 weeks of Kindlin-2 siRNA treatment, depths of
the left ventricular posterior wall (diastole, LVPWd) increased sig-
niﬁcantly. We examined ventricular shortening fraction (%FS) and
ejection fraction (%EF) as indicators of ventricular contractility.
Fig. 3. The FERM domain of Kindlin-2 associates with the N- and C-terminal regions of a-actinin-2 (A and B). Different fragments of GST-a-actinin-2 and Flag-Kindlin-2 were
listed. (C) Puriﬁed GST or GST-a-actinin-2 fragments were evaluated by WB using an anti-GST antibody. GST pull-down assay was performed by incubating different fusion
proteins with total lysates of primary neonate rat cardiomyocytes. (D) Various fragments of Flag-Kindlin-2 and full-length Myc-a-actinin-2 were transfected into HEK293T
cells, and then proteins were extracted for Co-IP and evaluated byWB. (E) Various fragments of Flag-Kindlin-2 were transfected into HEK293T cells, and then cell lysates were
extracted. Different lysates of Flag-Kindlin-2 fragments were incubated with GST-a-actinin-2-1-254, GST-a-actinin-2-741-894 and GST-a-actinin-2-281-740 for GST pull-
down assay. (F) Fusion protein His-MBP-Kindlin-2 was incubated with GST, GST-a-actinin-2-1-254, GST-a-actinin-2-741-894 and GST-a-actinin-2-281-740 in vitro for GST
pull-down assay.
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that Kindlin-2 knockdown weaken cardiac systolic function.
4. Discussion
Dowling et al. found that Kindlin-2 localizes at intercalated
discs in mouse cardiac muscle. However, targeted disruption mur-
ine Kindlin-2 resulted in embryonic lethality before cardiogenesis.
Thus, the role of Kindlin-2 in cardiac muscle of postnatal mice
remains unclear [14]. In this study, we found that Kindlin-2 is
localized at the Z-disc in mice cardiac muscles and in primary rat
neonatal cardiomyocytes. Importantly, we found that Kindlin-2
colocalized with a-actinin-2 which is an important structure com-
ponent of the Z-Disc. Depletion of Kindlin-2 disrupted the struc-
ture of the Z-disc. This ﬁnding suggested that Kindlin-2 may play
a role at the Z-disc.Alpha-Actinin-2 is a predominant component of Z-disc [3].
a-Actinin-2 and its interacting proteins are responsible for the
attachment of actin ﬁlaments to the membranes, and disruption
of these interactions could lead to the fragmented Z-disc in the
striated muscle cells [2,3,18,19]. Although several a-actinin-2
interacting proteins have been characterized, how they associate
together to mediate the assembly of the Z-disc remain largely
unknown [20].
Kindlin-2 contains three FERM domains F1, F2 and F3, and F2
domain is disrupted by pleckstrin homology (PH) domain. The F3
domain binds to integrin b tails, and this binding is required for
integrin activation [21,22]. The PH domain of Kindlin-2 could bind
to phosphoinositides, which is also important for activating inte-
grin [23]. Integrin-linked kinase (ILK) binds to the F2 and PH
domain of Kindlin-2 [24]. Bachir et al. showed that a-actinin-2 is
directly bound to integrin-b1 in early stage of adhesion formation
Fig. 4. Kindlin-2 inﬂuences the association of integrin b1 with a-actinin-2 (A and B). Cell lysates from primary neonate rat cardiomyocytes were prepared for Co-IP assay
using an anti-Kindlin-2 (A) or an anti-a-actinin-2 antibody (B) followed by Western blot analysis using indicated antibodies. (C) Primary neonate rat cardiomyocytes were
infected by Kindlin-2 shRNA adenovirus or control shRNA adenovirus for 72 h. Lysates were extracted for Western blot assay. (D) Primary neonate rat cardiomyocytes were
infected by adenovirus for 72 h. Lysates were extracted for Co-IP assay. (E) Lysates of cardiac muscle were extracted from control or Kindlin-2 siRNA-injected mice. Western
blot was performed. (F) Lysates of cardiac muscle were extracted from control or Kindlin-2 siRNA-injected mice. Co-IP assays were performed using an anti-a-actinin-2
antibody, followed by WB assay. (G) A work model depicting that Kindlin-2 interacts with a-actinin-2 and b1 integrin to maintain the structural integrity of the Z-disc.
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maturation of the focal adhesion [25]. In our study, we found that
Kindlin-2 is a new a-actinin-2-binding protein. The FERM domain
of Kindlin-2 is responsible for the interaction with the
NH2-terminal and COOH-terminal regions of a-actinin-2. Given
that Kindlin-2 is an integrin-interacting protein we thus wanted
to know which alpha subunit of integrin is involved in complexing
with integrin b1 subunit to localize at the Z-disc. It turned out to be
that a2b1 is the major integrin that interacts with a-actinin-2 and
Kindlin-2 (Supplemental Fig. 3). Moreover, depletion of Kindlin-2
weakens the interaction between a-actinin-2 and integrin, sug-
gesting that Kindlin-2 is required for the binding of a-actinin-2
and integrin.
The Z-disc plays a pivotal role in multiple aspects of heart mus-
cle structure and function. It was reported that proteins located at
the Z-disc are of great importance for the Z-disc stabilization.
Disruption of the Z-disc integrity is involved in the pathogenesisof some human heart diseases [4,26–28]. For example, mutation
of the a-actinin-2 encoding gene ACTN2 leads to cardiomyopathies
[29]. Deﬁciency of Cypher causes severe congenital cardiomyopa-
thy and early postnatal death in mice [6]. Mice deﬁcient of
muscle-speciﬁc LIM protein shows chamber dilation and contrac-
tile dysfunction [30]. Loss of b1 integrin in mice results in instabil-
ities of myocyte morphology and disruption of myocardial
mechanical integrity [31,32]. In this study, Kindlin-2 is identiﬁed
as a new Z-disc protein, and thereby knockdown of Kindlin-2 dis-
rupts the structure of the Z-disc and induces cardiac systolic dys-
function. Recently, Haubner et al. reported that
Kindlin-2-interacting protein migﬁlin is also related to cardiac dys-
function [33]. They found that migﬁlin KO mice have a cardiac phe-
notype. However, we observed that migﬁlin is not located at the
Z-disc (Supplemental Fig. 2). We thereby speculate that migﬁlin
may be not involved in the cardiac systolic dysfunction induced
by knockdown of Kindlin-2.
Fig. 5. Knockdown of Kindlin-2 disrupts the structure of the Z-disc. (A) Cell lysates from primary neonate rat cardiomyocytes were prepared for Western blot analysis using
Kindlin-2 antibodies. (B) Immunoﬂuorescent staining was carried out using anti-a-actinin-2 (rabbit monoclonal antibody; Alexa Flour 568 conjugated anti-rabbit IgG, red)
antibody, integrin b1 (rabbit monoclonal antibody; Alexa Flour 568 conjugated anti-rabbit IgG, red) and Kindlin-2 antibody (goat polyclonal antibody; Alexa Flour 568
conjugated anti-goat IgG, red) in cardiomyocytes infected by Kindlin-2 shRNA adenovirus or control shRNA adenovirus. Images were captured with a confocal microscope.
Bars: 20 lm. (C and D) Representative images of cardiac section of control or Kindlin-2 siRNA-injected heart stained with Hematoxylin and Eosin (H&E) and iron hamatoxylin,
respectively. Bars: 20 lm. (E) Representative images of transmission electron microscopy of sarcomere and Z-disc of the control siRNA or Kindlin-2 siRNA-injected mice. a, c
and e show images of control siRNA injected mice; b, d and f show images of Kindlin-2 siRNA injected mice. Arrow in E-a and b indicates intercalated disc. Arrow in E-e and f
indicates the Z-disc. M shows mitochondria. Magniﬁcations have been indicated in each image.
Table 1
Echocardiographic parameters of mouse heart in different group.
Group LVIDd (mm) LVIDs (mm) LVPWd (mm) EF (%) FS (%)
Control siRNA (n = 9) 4.208 ± 0.2944 2.992 ± 0.1224 0.79 ± 0.056 58.89 ± 2.849 31.43 ± 1.376
Kindlin-2 siRNA (n = 9) 4.33 ± 0.2821 3.01 ± 0.1334 0.97 ± 0.040⁄ 49.068 ± 2.312⁄⁄ 24.603 ± 1.225⁄⁄
The parameters were detected at 4 weeks after injected control or Kindlin-2 siRNA, respectively. LVPWd: left ventricular posterior wall (diastole); LVIDd: left ventricular
internal diameter (diastole); LVIDs: left ventricular internal diameter (systole); FS: left ventricular shortening fraction; EF: left ventricular ejection fraction. Values are
means ± S.D. from 9 animals. *Indicates P < 0.05, **indicates P < 0.001 by Student’s t-test.
L. Qi et al. / FEBS Letters 589 (2015) 2155–2162 2161In conclusion, we found that Kindlin-2 is an important regulator
of cardiac structure and function. Kindlin-2 interacts with
a-actinin-2 and b1 integrin to enhance their association and main-
tains the integrity of the Z-disc. Depletion of Kindlin-2 causes dis-
ruption of the Z-disc and may involve in cardiomyopathy and
cardiac systolic dysfunction.
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